The main purpose of these experiments was to examine in detail how successfully the uncertainty reduction explanation accounts for the effects of spatial cues in a temporal forced-choice contrast discrimination task in which any one of four well-separated Gabor patches is incremented. In preliminary experiments, it was shown that in the absence of uncorrelated contrast jitter, observers could use either of at least two different decision strategies, whereas in the presence of random contrast jitter, their response was based on the largest contrast value in the two intervals of a trial.
Introduction
In the last decade, much has been written on the topic of spatial attention. The general consensus is that in detection and discrimination tasks, performance is improved by knowing the location where the critical stimulus will be presented, whether that location is specified in advance of a block of trials, or is specified by some sort of cue before each trial. Two general mechanisms have been proposed for this improvement:
1. Uncertainty reduction: Noise from the unattended locations is ignored, thereby increasing the overall effective signal/noise ratio. 2. Signal enhancement: In addition to uncertainty reduction, signal/noise ratio at the attended location itself is somehow enhanced.
It does appear that the signal enhancement explanation is required to account for some results obtained in studies of spatial attention. However, the issue of exactly which experimental conditions require the invocation of this mechanism is not entirely settled. Smith (2000) has made a persuasive case that signal enhancement in detection tasks depends on the use of backward masks. (Also see Smith, 2000 , for a thorough summary of recent work by others on spatial attention. An apparent instance of signal enhancement in the absence of backward masks has since been reported by Carrasco, Penpeci-Talgar, & Eckstein, 2000.) The experiments to be reported here do not involve backward masks, and their results bear only tangentially on the issue of whether signal enhancement occurs. The main purpose of these experiments is to examine in detail how successfully the uncertainty reduction explanation accounts for the effects of spatial cues in a temporal forced-choice contrast discrimination task. Many writers have tested the uncertainty reduction explanation of spatial attention effects, but almost invariably with data obtained with single interval psychophysical methods, either 'yes-no', or spatial forced choice (Foley & Schwartz, 1998) . On the other hand, temporal forced-choice procedures have rarely been employed in studies of spatial attention. A possible reason for this is that such methods are particularly susceptible to artifacts arising from the possibility that the observer changes fixation so as to favor the critical location, even if that location varies from trial to trial and is indicated by means of a pretrial cue. Vision Research 42 (2002) [41] [42] [43] [44] [45] [46] [47] [48] www.elsevier.com/locate/visres Cohn and Lasley (1974) used temporal forced-choice methods in part of their study of the effects of spatial attention on luminance increment detection. Observers in their 'certainty' condition apparently knew the critical location throughout a block of trials. However, Cohn and Lasley monitored eye position of one observer and found its distribution to be the same regardless of whether he knew or did not know the target location. Davis, Kramer, and Graham (1983) precued the critical location on every trial but did not monitor eye position. They believe eye movement artifacts could not account for the effects they found of cuing the spatial location of the grating to be detected, because cuing the spatial frequency of the presented stimulus in a single location had very similar effects.
The present investigation differs from those just discussed primarily in the following ways. (1) Eye movement artifacts were minimized by presenting independent spatial cues in the two temporal intervals of a forced-choice trial. (2) Different types of contrast jitter were employed to investigate and control the strategy used by observers for combining information from several spatial locations. (3) A large range of contrast increments was presented to assess the effects of spatial attention over a substantial portion of the psychometric function.
General methods

Stimuli
They consisted of four circular Gabor patches, centered on the corners of an imaginary square, located 3 deg from the fixation point, which was a 4 Â 4 pixel black square. Each patch had peak spatial frequency of approximately 2.25 c/deg, and space constants of 0.45 deg. The mean luminance of the patches and of the rest of field was 98 cd/m 2 ; the rest of the room was dark. Stimuli were viewed binocularly from 36 cm with natural pupils; a chinrest was used to stabilize head position.
All stimuli were generated on a Power Macintosh 6500 computer using Matlab 5.2 and the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) . Stimuli were displayed on a 17 in. Sony Multisync 200SX monitor with 8-bit luminance resolution. Because of the necessity of using gamma correction, luminance resolution was effectively reduced to 7 bits. The monitor displayed 832 Â 624 pixels at a frame rate of 75 Hz.
Procedure
A two-alternative, temporal forced-choice paradigm was used to present stimuli and deliver feedback. All four patches were presented for 170 ms twice in succession, separated by 500 ms. The base peak contrast of the patches was 0.5. In one of the intervals, one of the patches was incremented by one of 5 amounts; increment size, incremented patch, and interval were all randomly selected. In addition, contrast jitter was introduced in the following manner: the contrast of each patch--incremented or not--was multiplied by a factor randomly drawn from a uniform probability distribution spanning 5 dB. The correlation of these contrast scaling factors across patches and across intervals of a trial varied in the different experiments, as will be described below.
The subject's response initiated the next trial, before which a beep sounded if the response did not meet one of two prescribed criteria: (a) maxfeed, the selected interval does not contain the patch of largest contrast in the two intervals or (b) sigfeed, the selected interval does not contain the incremented patch. Although the same response was correct under both criteria on most trials, there were occasions when that was not the case because of the particular size and correlations among the scaling factors selected.
Responses from ten to twelve 100-trial blocks of trials were collected in each experimental session. Before the start of the first block of trials of a session, the subject ran an unspecified number of practice trials, whose outcome was not tabulated. There were also usually several days of practice before data collection began in each experiment.
Observers
Four observers participated in the first two experiments, and three of them were available for the last one. They wore their normal corrections, but no effort was made to ascertain their acuity. They had no knowledge of the purpose of the experiments.
Experiment I
In principle, one way to measure the effects of spatial attention is to compare performance under two conditions: In one, the observer's attention is directed specifically to the location where the critical stimulus will appear; in the other, the critical stimulus could appear in one of several possible locations. The magnitude of the difference predicted by the uncertainty reduction theory depends on several assumptions, among them that in the first condition, the observer completely ignores information from the unattended locations, and that in the second, the observer optimally combines information from all possible locations. Failure of the first assumption can reduce the size of the observed effect, while failure of the second could spuriously increase the size of the observed effect, which might lead to the erroneous conclusion that spatial attention has produced signal enhancement.
In preliminary versions of the experiments to be reported below, no contrast jitter was employed, that is, there was no random, trial-to-trial scaling of the contrast in each patch. The results indicated a distinct tendency towards a larger apparent effect of spatial attention than would be predicted from uncertainty reduction alone. Rather than trying to track down the criteria used by observers in the absence of contrast jitter, different types of contrast jitter and different feedback criteria were employed in the first experiment for two main purposes: (1) to ascertain just what strategies are available to observers for combining information from several spatial locations and (2) to devise means of guaranteeing their use of an optimal strategy, in order to correctly assess the magnitude of the effect of focused spatial attention.
Method
On every trial, a single contrast scaling factor was randomly selected, and applied to all four patches in the first interval of the temporal forced-choice trial; that is, the contrast jitter was perfectly correlated across patches. In the second interval, either the same factor, or its reciprocal was applied to all four patches in that interval. These two types of trials occurred with equal probability. They will be designated as tcorr þ 1 and tcorr À 1 trials, respectively, to indicate that the scaling factors were temporally either perfectly positively correlated or perfectly negatively correlated, respectively.
In each session of 1000-1200 trials, observers were informed of whether feedback would be based on the maxfeed or the sigfeed criterion, and they were instructed to attempt to maximize ''correct'' responses in each case. Feedback would have been the same in the majority of trials, but on approximately 29% of tcorr À 1 trials it would have differed, depending on which criterion was in force.
Results
The results of this experiment are summarized in Figs. 1-3. The plotted points represent means across all four observers, based on several hundred trials for each observer. ''Proportion correct'' is the fraction of all trials on which the selected interval contained the incremented patch. The error bars represent 95% confidence intervals. Filled symbols are for tcorr À 1 trials, empty symbols for tcorr þ 1 trials, circles for maxfeed instructions, and triangles for sigfeed. Fig. 1 shows that performance on tcorr þ 1 trials was the same under both types of feedback, and that performance on the two types of trials differs only in the maxfeed condition. Here observers were worse at detecting the increment when contrast jitter in the two intervals of a trial was negatively correlated. On some of those trials the interval without the incremented patch had the higher contrast and when that was the case, the observers chose the interval of higher contrast 86% of the time. On the other hand, under sigfeed instructions, observers chose that interval only 39% of the time, on average. Clearly observers are capable of using at least two different strategies in this contrast discrimination task. However, those two strategies give rise to differences in performance only on tcorr À 1 trials.
Variants of the standard signal detection model (Davis et al., 1983; Pelli, 1985) were constructed in an effort to account for the results of experiment I. All variants had three stages: (1) The contrast of each patch passes through a log transform. (2) To the transformed contrast of each patch in each interval is added an independent random sample drawn from a zero mean Gaussian distribution. (3) Contrast information is combined across patches according to some rule to produce a summary measure for each interval. (4) The observer chooses the interval with the larger value of the summary measure.
The performance of the model was assessed by means of computer simulations using software written in Matlab programming language (source code available upon request from the author). Approximately 10,000 trials were run at each of the five contrast increment levels used in the psychophysical experiment. The model has one free parameter, r, the standard deviation of the added internal Gaussian noise distribution.
To account for the maxfeed results, two combination rules were considered: max rule--the summary measure is the maximum of the four noise perturbed log contrasts; sum rule--the summary measure is the average of the four noise-perturbed log contrasts. Simulations were run with several values of the parameter r. Results obtained under maxfeed instructions are replotted in Fig.  2 . The solid lines in the figure are the prediction of the max rule variant of the model for r ¼ 0:06. The fit of the model to all the data is quite good, with the exception of the results for the largest contrast increment on tcorr À 1 trials. In that case, observers did significantly better than the model predicts, perhaps because the incremented patch was so conspicuous that they succumbed to the temptation of picking the interval that contained it. That may also account for why the model slightly overestimates how often observers would pick the interval without the incremented patch but with the higher contrast on tcorr À 1 trials (94% of the time, as compared to the observed 86%).
The dashed lines in Fig. 2 represents the prediction of the sum rule model, again for r ¼ 0:06. This model systematically underestimates performance of the observer. No value of r provides a good fit to the data; a lower value would produce a good fit for small contrast increments, but overestimate performance with larger ones. For this reason, the sum rule model will not be considered further.
Results obtained under sigfeed instructions are replotted in Fig. 3 . In this condition, there are several possible combination rules that would make performance independent of whether contrast jitter in the two intervals is positively or negatively correlated. They all involve some sort of contrast normalization across the patches in each interval at stage 3 of the model. Simulation of the basic model with each of these combination rules revealed that they lead to approximately the same predictions. The normalization procedure used to generate the model predictions below was to calculate the largest difference between the contrasts of the four patches. As can be seen from the dashed line in Fig. 3 , setting the noise parameter, r, to the same value as before, namely, 0.06, results in an underestimate of observers' performance. By setting r to a lower value (0.048), the model can be made to fit the obtained psychometric functions quite well (solid line). However, even with this lower value, the model clearly underestimates the proportion of trials on which observers select the interval without the contrast increment on tcorr À 1 trials: 0.24 vs the obtained 0.39. Perhaps some other combination rule would fit the obtained psychometric functions even with r set to 0.06, but so far it has eluded me.
Experiment II
Experiment I showed that observers are capable of using at least two decision rules when contrast jitter is spatially correlated across patches and temporally correlated across intervals. The purpose of experiment II was to find out if making the same amount of contrast jitter uncorrelated across patches and intervals would still make it possible for observers to use different decision rules.
Method
The same amount of contrast jitter was employed as in the previous experiment, however it was temporally and spatially uncorrelated. That is, on every trial, the scaling factors for all eight patches were randomly drawn from a uniform distribution spanning 5 dB. As before, in each session of 1000-1200 trials, observers were informed of whether feedback would be based on the maxfeed or the sigfeed criterion, and they were instructed to attempt to maximize ''correct'' responses in each case.
Results
With uncorrelated contrast jitter, there is no longer a reliable difference in performance under the two feedback conditions (see Fig. 4 ). Trials on which the incremented patch is not the one of maximum contrast in the two intervals occur about as often as on tcorr À 1 trials in experiment I, where the contrast jitter was negatively correlated across intervals. However, in this experiment, observers chose the interval containing the patch of maximum contrast roughly equally often under the two feedback conditions (67% and 65% of the time, on average).
The solid line in Fig. 4 plots the results of simulations of the max rule model with uncorrelated contrast jitter, but same decision rules and parameter values that fitted the data from the maxfeed condition of experiment I. The max rule prediction fits the psychometric functions obtained in this experiment. It also predicts that observers would choose the interval with the maximum contrast patch 65% of the time on conflict trials, which is almost identical to the obtained values.
The dashed and dot-dashed lines in Fig. 4 are the predictions of the model with the decision rule that was used to fit the data from sigfeed condition in the previous experiment. The dashed line, based on the same amount of internal noise as before (r ¼ 0:048), clearly underestimates observers' performance with uncorrelated jitter. The dot-dashed line in the figure comes closer, but it assumes no internal noise whatever.
It appears that in the presence of uncorrelated noise, observers adopt the max rule regardless of the type of feedback. The computer simulations show that regardless of which of the two feedback criteria are used, observers will do somewhat better (i.e., minimize negative feedback) if they base their responses on the max rule. That is not the case when contrast jitter is correlated, as it was in experiment I. Under those conditions, observers would do better to use the max rule when the maxfeed criterion is used, and the normalization rule when sigfeed criterion is used--which appears to be the case.
Experiment III
The purpose of this experiment was to measure the effects of spatial attention in this contrast discrimination task, and ascertain whether these effects could be accounted for fully by the uncertainty reduction hypothesis. Totally uncorrelated contrast jitter was employed, since the previous experiment indicated that in the presence of such jitter, observers do appear to use the max rule in making their judgments, regardless of the type of feedback. For this reason, only the sigfeed criterion was used.
Testing theoretical accounts of spatial attention with data from a temporal forced-choice experiment requires the elimination of possible artifacts due to eye movements. If the observer knows in advance of each trial where the contrast increment will be presented, she might shift her gaze in that direction, even involuntarily. I employed two strategies to minimize this possibility. One was to have a separate, independent spatial cue for each interval of a trial, only one of them 'valid': that is, only one of the two cued patches was incremented. The other strategy was to present those cues not before each interval, but only during the presentation of the stimulus.
Method
On cued trials, the observer was in effect told to attend to one patch in each of the two intervals. Since the cued patches in the two intervals were chosen randomly and independently, the probability of the cued patch in the second interval being the same as the one in the first was only 0.25. The cue was a 4 Â 4 pixel white square, located just off the fixation point, in the direction of one of the patches. Two kinds of cues were used: precues were presented for 100 ms just prior to the presentation of each four patch stimulus; simultaneous cues were presented at the same time as each four patch stimulus. Trials with each type of cue were randomly intermixed with trials without any cue; in addition, there were also sessions in which trials with the two types of cues were randomly intermixed, in the absence of any uncued trials.
Only three of the observer who served in the previous experiments were available for this one. Each of them received several additional practice sessions with precues prior to collection of the data reported below.
Results and discussion
Data from each of the cue conditions were pooled across all the sessions (6-9) in which that condition appeared. The crosses in the three panels of Fig. 5 plot the data from each observer (based on approximately 300-450 observations per point), and the solid lines are theoretical predictions. The line in the 'no cue' panel is for the basic model with the max rule, and r ¼ 0:06 as before. It fits the data quite well in this experiment, as it did in the previous ones. The lines in the other two panels are based on the uncertainty reduction account of spatial attention. On this account, the observer's response is presumed to depend only on the one cued patch in each interval. The observed performance is fairly close to that predicted by the model. However, there is a distinct tendency for the data points to lie slightly below the line, particularly in the simultaneous cue condition.
General discussion
The first experiment demonstrated that in the absence of uncorrelated contrast jitter observers are capable of using at least two different response strategies in a temporal forced-choice, contrast discrimination task in which the contrast of one of four Gabor patches is incremented in one interval. The demonstration required two different ways of correlating the contrast jitter in the two intervals of a trial and two different feedback criteria. (Richards, 2001 , has recently also used different types of feedback to reveal different response strategies available to observers in detecting a tone added to noise.)
When observers' feedback was based on the interval with the incremented patch, they were able to do equally well whether or not the between-intervals correlation of jitter was þ1, or À1, that is, whether the effective base contrast in the intervals was the same or not. When it was not the same, there was roughly a 0.3 probability that the contrast of the incremented patch would be lower than that of the patches in the other interval. Yet on a majority of those trials, the observers chose the interval with the incremented patch. On the other hand, when feedback was based on the interval with maximum contrast, observers picked the other interval on a majority of those trials.
Two variants of a standard signal detection model were developed in order to account for this pattern of results. Both models have in common an initial logarithmic transformation of stimulus contrast, followed by additive Gaussian noise. They differ in the decision variable, that is, the rule for summarizing contrast information across patches in each interval. The max rule, according to which the maximum values in the two intervals are compared, gives a good account of the data obtained under maxfeed instructions in experiment I, where contrast jitter was correlated, as well as the data in experiment II, where contrast jitter was uncorrelated. The model has one free parameter, the standard deviation, r, of the additive internal noise distribution. Fortunately, the same value of r served equally well for all the data.
The max rule assumption coupled with the uncertainty reduction account of spatial attention comes close to predicting the improvement in performance produced by spatial cues in experiment III. According to this account, spatial attention improves performance because the observer ignores the uncued patches, and hence the chance of a non-incremented patch being the one of maximum contrast is reduced. In contrast, the proponents of the signal enhancement account of spatial attention in discrimination tasks (Gandhi, Heeger, & Boynton, 1999) posit that spatial attention amplifies cortical response to the attended stimuli, perhaps as early as V1. The results of the present study do not require such an explanation. Indeed, the fact that a simultaneous cue is almost as good as a cue preceding stimulus presentation by 100 ms makes such an account even more unlikely in this case, unless one were to suppose that a central cue appearing simultaneously with the four patches could somehow enhance neural activity produced by one of those patches.
To make some properties of the model more apparent, the average data from Fig. 5 are replotted on different coordinates in Fig. 6 . Proportion correct is converted to d 0 and plotted on log-log axes against logðC þ DCÞ À log C, where C is the base contrast and DC is increment contrast. Recall that all models considered in this paper start with the assumption of an initial log transform of stimulus contrast, before the addition of uncorrelated Gaussian internal noise, and so logðC þ DCÞ À log C is the difference between the mean incremented and mean non-incremented contrasts, Dl. The upper dotted line in Fig. 6 is drawn for reference and is the analytic solution of the max rule model for the case of no stimulus contrast jitter, and no spatial uncertainty, that is, d 0 ¼ Dl=0:06. The predictions of the model with contrast jitter and with and without spatial uncertainty were obtained by computer simulation. They fall very nearly along straight lines on log-log coordinates, over this range of values. It is the best fitting lines to these predictions that are plotted as solid lines in Fig. 6 . The upper line is for the uncertainty reduction account of spatial attention; like the reference dotted line, it also has unity slope, but a different intercept: d 0 ¼ Dl=0:096. The value of 0.096 turns out to be the standard deviation of the noise distribution resulting from the linear addition of the other independent source of noise operating in experiments II and III, namely, the random stimulus contrast jitter drawn from a uniform distribution spanning 5 dB.
Although it is not apparent in the figure, the intercepts of the two solid lines are the same. However, the slope of the lower line, the one for the case of spatial uncertainty, is 1.24: that is, for spatial uncertainty of 4, our model becomes d 0 ¼ Dl 1:24 =0:096. So spatial attention, and hence reduction of spatial uncertainty, not only lowers contrast discrimination threshold, but also makes the psychometric function shallower, as pointed out by previous writers (Pelli, 1985; Cohn & Lasley, 1974) .
The performance of the observers in the cued conditions is actually slightly worse than the model predicts. There are at least two different ways to account for these discrepancies in the context of the model. The first is to assume that spatial attention not only reduces spatial uncertainty, but also slightly increases the value of r: the data from the cued condition could be well fitted by a unity slope line with a slightly lower intercept. The other possibility is that observers do not completely disregard the uncued patches. In the absence of a spatial cue the information from all four patches is weighted equally in calculating the maximum contrast in each interval. Suppose that in the presence of a spatial cue, the contrast of the each uncued patch is weighted by a factor w ð0 6 w < 1Þ. Computer simulations show that for values of w between 0 and as high as 0.9, the predictions of the model are practically indistinguishable. However for even higher values of w, the predicted curve begins to move closer to that for the uncued condition, where w ¼ 1.
The search for a way to account for the sigfeed data from experiment I simply by changing the decision rule has so far proved elusive. Any one of several normalization schemes makes performance independent of the effective base contrast in each interval, but all of them require a lower value of r to fit the obtained psychometric function. Even so, these normalization models significantly underestimate how often observers pick the interval with the higher contrast rather than the one with the incremented patch on tcorr À 1 trials.
Another possibility for accounting for both the maxfeed and sigfeed results without a change of parameters is to assume that some of the added internal noise is spatially correlated. That is equivalent to assuming that there is some decision noise--not an unreasonable assumption. And indeed it turns out that it is 0 and replotted on log-log coordinates. logðC þ DCÞ À log C ¼ Dl, the difference between the mean incremented and mean non-incremented log contrasts. Circles, triangles and squares refer to the data from the no cue, precue and simultaneous cue conditions, respectively. The dashed line is the analytic solution of the model for the case of no contrast jitter and no spatial uncertainty. The solid lines are linear fits to the predictions of the model in the presence of contrast jitter, obtained by computer simulation: the upper line is for the case of no spatial uncertainty, the lower line is for spatial uncertainty of 4.
possible to find at least one set of values for the variances of the added internal noise and of the decision noise to fit all the data of the three experiments. However these fits are not nearly as good as the ones presented above. Also there appear to be systematic differences between these model predictions and the observers' performance.
Conclusions
(1) In a temporal forced-choice contrast discrimination task in which one of several well-separated stimuli is incremented, observers are capable of using at least two different decision strategies.
(2) Multiple strategies are eliminated by the addition of contrast jitter uncorrelated across intervals and stimuli, whereupon observers' response is based on the patch having the largest apparent contrast.
(3) Spatial cues presented either simultaneously with or slightly prior to stimulus onset improve performance very nearly by the same amount.
(4) In this task, spatial cues improve performance by about as much as would be expected from the uncertainty reduction account of spatial attention, and does not require the supposition of signal enhancement.
